Abstract A new CMS system designated as 'msH1' has been reported in bread wheat using the cytoplasm of H. chilense. While testing this system in diVerent wheat backgrounds, a highly fertile line with chromosome number 42 plus an extra acrocentric chromosome was obtained. The extra chromosome did not pair with any wheat chromosome at meiosis, and progeny from this line which lack the acrocentric chromosome showed pollen abortion and male sterility. In order to establish the origin of this chromosome, FISH using H. chilense genomic DNA as probe was used and showed that it had originated from H. chilense chromosome(s). The novel chromosome did not possess sequences similar to wheat rDNA; however, the probe pSc119.2 from S. cereale containing the 120 bp family was found to occur at the end of its long arm. Data obtained from FISH and EST molecular markers conWrm that the long arm of the acrocentric chromosome is indeed, the short arm of chromosome 1H ch from H. chilense. We suggest that the novel chromosome originated from a deletion of the distal part of the long arm of chromosome 1H ch . Neither the 1H ch S short arm, nor the whole chromosome 1H ch restores pollen fertility of the alloplasmic wheat. Therefore, the restorer gene on the acrocentric chromosome must be located on the retained segment from the hypothetical 1H ch L, while some pollen fertility inhibitor could be present on the deleted 1H ch L distal segment. Disomic addition of the acrocentric chromosome was obtained and this line resulted fully stable and fertile.
Introduction
Developing commercially viable hybrid wheat remains a goal in wheat breeding, as an additional approach to break the yield ceiling. The autogamous nature of wheat makes hybrid seed production a challenging task, but several hybrid seed production systems have been developed based either on chemical hybridizing agents (CHAs) or the use of genetic systems. Utilization of a CHA is expensive, polluting and highly inXuenced by environmental conditions, and up to date, no CHA is in commercial use. Since Wilson and Ross (1962) described a nuclear-restoration system with Triticum timopheevii as the source of cytoplasmic male sterility (CMS); many cytoplasms of the genera Triticum, Secale, Haynaldia and Aegilops have been recognized as the basis of a CMS system for wheat. The T. timopheevii system has gained general use because of deleterious the eVects of other cytoplasms on various traits and/or because no advantage existed over the T. timopheevii system (Pickett 1993) . However, practical application of this system has been disappointing, mainly due to the complexity of the fertility restoration procedure.
Hordeum is a genus that has been poorly explored as a source of CMS for wheat. Recently, a new CMS source, designated 'msH1', has been reported in bread wheat (Triticum aestivum L.) using the cytoplasm of Hordeum chilense Roem. et Schult (Martín et al. 2008a; Martín et al. 2009) .
H. chilense is a diploid wild barley included in the section Anisolepis Nevski, native to Chile and Argentina. This species shows some traits potentially useful for wheat breeding, including drought and salt tolerance, resistance to several pests and diseases (Martín et al. 1996) and high seed carotenoid content (Atienza et al. 2004; Atienza et al. 2007 ). In addition, a major interest in this species relates to its high crossability with other members of the Triticeae tribe: Aegilops, Agropyrum, Dasypirum, Secale, Triticum, and £Triticosecale (Bothmer et al. 1986; Martín et al. 1998 ). The compatibility of the H. chilense genome with that of Triticum spp. is high, and fertile amphiploids named tritordeums (£Tritordeum Ascherson et Graebner) were obtained after chromosome doubling of the hybrid between H. chilense and T. aestivum (Martín et al. 1999 ). When Tritordeum is backcrossed repeatedly to wheat, alloplasmic wheat is obtained possessing the wheat nuclear genome in barley cytoplasm. This alloplasmic wheat is either selffertile or male sterile depending on the H. chilense accession used to synthesize the tritordeum (Martín et al. 2008a ). It was observed that when using the H. chilense accession H1 and T. aestivum cv. Chinese Spring as female and male parents, respectively, the corresponding alloplasmic wheat was male sterile. The new 'msH1' cytoplasmic male sterility (CMS) source in bread wheat (T. aestivum) is stable under diVerent environmental conditions and it does not exhibit developmental or Xoral abnormalities as alloplasmic wheat with H. vulgare cytoplasm does, showing only slightly reduced height and some delay in heading (Martín et al. 2008a) . Neither grain shrivelling nor germination disorders, common in other alloplasmic wheats, have been observed. When the alloplasmic ditelosomic addition line of 6H ch S was obtained, it resulted to be fully fertile. Therefore, fertility restoration of the CMS phenotype caused by the H. chilense cytoplasm was associated with the addition of the short arm of chromosome 6H ch of H. chilense accession H1 (Martín et al. 2008a ) and therefore, one or more fertility restoration genes appear to be located on this chromosome arm.
With the aim of obtaining the alloplasmic T. aestivum cv. T26 in H. chilense accession H1 cytoplasm, the amphiploid £Tritordeum was obtained after chromosome doubling of the hybrid between wheat and barley. After repeated backcrosses to wheat, a highly fertile line with chromosome number 42 plus an extra acrocentric chromosome of morphology distinct to both wheat and barley was isolated. In this work, the molecular and cytological characterization of this restored line is reported.
Materials and methods

Plant material
The genetic stocks used in this study are shown in Table 1 ) and T. aestivum cv. T26 (2n = 6x = 42, AABBDD), as described by Martín and Chapman (1977) . The amphiploid obtained, HT26, was recurrently back-crossed to the wheat parental T26, resulting in the deWnitive alloplasmic line named T236 (AABBDD). This line carrying H. chilense cytoplasm was fully male sterile.
Cytological observations
For somatic chromosome counting, root tips of 1-cm length were collected from germinating seeds and pre-treated for 4 h in an aqueous colchicine solution (0.05%) at 25°C. They were Wxed in a freshly prepared 3 absolute ethanol:1 glacial acetic acid (v/v) mixture and stained by the conventional Feulgen technique.
For meiotic chromosomes observation, anthers were collected and stained directly with 0.1% acetocarmine.
Microsporogenesis was studied at diVerent developmental stages. Spikelets were collected and Wxed in 3 absolute alcohol:1 glacial acetic acid (v/v) mixture. The material was transferred to fresh Wxative after 1-2 h and stored at 4°C. Anthers were stained with 0.1% acetocarmine.
Molecular analysis
DNA was extracted from 5 to 6-week-old seedlings from every genotype according to the procedure of Doyle and Doyle (1990) with some minor modiWcations. The consensus chloroplast simple sequence repeat ccSSR-4 developed by Chung and Staub (2003) was used to verify the presence of the H. chilense cytoplasm in the alloplasmic lines. The polymerase chain reaction (PCR) was carried out in 25 ml of reaction mixture (as described by Chung and Staub 2003) .
The expressed sequence tag (EST) markers described in Table 2 were used to identify the origin of the extra acrocentric chromosome. PCR was carried out as described by Nasuda et al. (2005) .
The B3-hordein gene-speciWc primers HoB*9 and HoB*10 (Pistón et al. 2005 ) that amplify speciWcally in H. chilense chromosome 1H ch , were used to conWrm the identity of the acrocentric chromosome. PCR was carried out as described by Pistón et al. (2005) . All ampliWcation products were resolved by agarose gel electrophoresis and visualized with ethidium bromide. Root tips were Wxed as described in "Cytological observations". Preparations were made as described by Prieto et al. (2001) . Total H. chilense genomic DNA was labelled by nick translation with biotin-11-dUTP (Roche Corporation, Basel, Switzerland) and total S. cereale genomic DNA was labelled with digoxigenin-dUTP. Both probes were mixed in the hybridization solution to a Wnal concentration of 5 ng/ml.
After examination of nuclei hybridized by GISH (genomic in situ hybridization), some preparations were examined by using two repetitive probes: probe pTa71, containing 1 unit of 18S-5.8S-26S rDNA (8.9 kb) from T. aestivum (Gerlach and Bedbrook 1979) was labelled by nick translation with digoxigenin-dUTP (Roche Corporation, Basel, Switzerland) and probe pSc119.2 from S. cereale containing the 120-bp family isolated by McIntryre et al. (1990) was labelled with biotin-11-dUTP.
The in situ hybridization protocol was that of Cabrera et al. (2002) . Digoxigenin-and biotin-labelled probes were detected with antidigoxigenin-FITC (Roche Corporate) and streptavidin-Cy3 conjugates (Sigma, St Louis, MO, USA), respectively. Chromosomes were counterstained with DAPI (40,6-diamidino-2-phenylindole) 339 and mounted in Vectashield (Vector Laboratories Inc.). Slides were examined by using a Zeiss LSM 5 Pa confocal laser scanning microscope with LSM 5 Pa software version 3.0 (Zeiss, Jena, Germany).
Results
Development of the alloplasmic line and identiWcation of the acrocentric chromosome
Tritordeum HT26 (2n = 8x = 56, H ch H ch AABBDD) was obtained after chromosome doubling of the hybrid between H. chilense accession H1 and Triticum aestivum cv. T26, as described by Martín et al. (1999) . The amphiploid obtained, HT26, was recurrently back-crossed to the wheat parental T26. A line with chromosome number 45 resulted to be self-fertile. Progeny of this plant presented a chromosome number ranging from sterile 42 to fertile 45 chromosomes, with some lines containing telosomic chromosomes. Male sterile plants with chromosome number 42 were pollinated by fertile sister plants, and among their progeny, plants with chromosome number close to 42 together with selffertility were selected.
A fertile plant with chromosome number 42 plus a small acrocentric chromosome was identiWed (Fig. 1a) . SelWng of this plant gave rise to two kinds of plants: plants with chromosome number 42 that resulted to be male sterile, and plants with chromosome number 42 plus the extra acrocentric chromosome that resulted again to be male fertile. The Wrst group of plants, i.e. T26 in H. chilense cytoplasm, was named T236; and male fertile plants possessing the acrocentric chromosome were named T526. As can be observed in Fig. 1b , the extra chromosome did not pair with any wheat chromosome at meiosis.
It was important to check that fertility restoration was the consequence of the extra acrocentric chromosome addition and not the result of paternal transmission of cytoplasm and loss of alloplasmy as described previously (Aksyonova et al. 2005; Badaeva et al. 2006; Martín et al. 2008b ). In the progeny of T526 appeared plants with and without the acrocentric chromosome, the latter group being completely sterile and therefore conWrming the alloplasmic nature of T526. However, in order to prove that there was no transmission of paternal cytoplasm in the restored line T526, the chloroplast simple sequence repeat ccSSR-4 (Chung and Staub 2003) was used. This chloroplast marker is polymorphic with ampliWcation products of 200 and 225 bp, respectively, in wheat and H1 cytoplasms (Martín et al. 2008b) . DNA from line T526 (Nasuda et al. 2005) Primer ( ampliWed a 225-bp band, conWrming that it was an alloplasmic line in H1 cytoplasm. After more than ten generations of crosses with wheat, the reversion of the H. chilense cytoplasm has never been observed.
Cytogenetic characterization by FISH
In order to identify the origin of the acrocentric chromosome, the fertile line T526 was analyzed by genomic in situ hybridization (GISH) using H. chilense H1, and S. cereale genomic DNA as probes, labelled with biotin-11-dUTP and digoxigenin-dUTP, respectively. Our Wrst hypothesis considered the possibility of a barley and rye origin for the novel acrocentric chromosome, since some rearrangement involving rye chromatin (present in the 1RS/1BS translocation) could have taken place. As it is observed in Fig. 2a , the entire length of the extra acrocentric chromosome displayed an intense red color, indicating that it is only of barley origin. It was also possible that some introgression of H. chilense was present in this material but, as can be seen in Fig. 2a , no introgression of barley or rearrangements of rye sequences were observed.
Once the barley origin of this acrocentric chromosome was established, Xuorescence in situ hybridization (FISH) was carried out using pTa71 and pSc119.2 probes to elucidate which H. chilense chromosome was implicated. Marín et al. 2008 ). The NORs in Hordeum are localized in chromosome segments 5HS and 6HS. As can be observed in Fig. 2b , no pTa71 signal was detected on the acrocentric chromosome, but was conWned to wheat chromosomes, and thus, chromosomes 5H ch S and 6H ch S are ruled out as components of the acrocentric chromosome. On the other hand, a pSc119.2 signal appeared in the long arm of the acrocentric chromosome, which indicates that chromosomes 1H ch S, 2H ch S 4H ch S, 4H ch L, 6H ch L and 7H ch S are the possible candidates for the origin of the acrocentric chromosome. Fig. 2 In situ hybridization to root-tip metaphase cells from restored line T526. The acrocentric chromosome is indicated by an arrow. a GISH using H. chilense genomic DNA and S. cereale genomic DNA probes detected with streptavidin-Cy3 (red) and antidigoxigenin-FITC (green), respectively. Blue DAPI staining shows the wheat chromosomal DNA. The acrocentric chromosome shows an intense red color, indicating its purely barley origin. b Double FISH signals using the pTa71 probe detected with antidigoxigenin-FITC (green) and pSc119.2 probe detected with streptavidin-Cy3 (red). The pTa71 probe only hybridizes to satellited wheat chromosomes; however, the pSc119.2 probe displays a telomeric signal at the long arm of the extra acrocentric chromosome Molecular characterization After GISH and FISH analyses, chromosome speciWc EST markers (Table 2) addressed to diVerent H. chilense chromosome arms were used to identify the acrocentric chromosome. These markers either produce diVerent ampliWcation products in H. chilense and wheat or exclusively amplify the H. chilense genome.
PCR results on T526 showed that marker k00183 was the only one that produced an ampliWcation fragment corresponding to H. chilense. This marker ampliWes with PCR in barley (H. vulgare cv. Betzes), and it is assigned to the short arm of chromosome 1. As can be observed in Fig. 3a , it also ampliWes in chromosome 1H ch in H. chilense and do not amplify in bread wheat. In order to further conWrm, that the 1H ch S chromosome arm was part of the extra acrocentric chromosome, the B3-hordein gene-speciWc primers HoB*9 and HoB*10 (Pistón et al. 2005 ), that amplify speciWcally in H. chilense chromosome 1H ch (but not in H. vulgare), were used. As can be observed in Fig. 3b, ch restore pollen fertility and therefore, either the entire extra acrocentric chromosome or only its short arm, is needed to restore male fertility of wheat in H. chilense cytoplasm.
Obtention of the disomic addition of the acrocentric chromosome T526 line was male fertile, but in order to use it as a restorer line, it is necessary to develop this acrocentric chromosome addition in disomic condition. Therefore, selfprogeny of T526 was analyzed cytologically by somatic chromosome counting and plants with 42 chromosomes plus 2 acrocentric chromosomes were identiWed. This line was fully fertile and named T528. When selWng, all individual in the progeny keep the 2 acrocentric chromosomes perfectly stable. T528 was also characterized using genomic in situ hybridization with H. chilense H1 and S. cereale genomic DNA as probes (Fig. 4) .
Morphology of alloplasmic lines and cytological analysis of pollen development
CMS of the alloplasmic line T236, as well as the fertility of the restored lines T526 and T528 were stable under diVerent environmental conditions: growth chamber, greenhouse and open Weld. Mature anthers of male sterile T236 were Fig. 3 PCR ampliWcation products using a EST marker k00183 that ampliWes speciWcally the 1H ch S chromosome in H. chilense and H. vulgare and does not produce an ampliWcation product in wheat and rye. b B3-hordein genes-speciWc primers HoB*9 and HoB*10 that ampliWes speciWcally in the H. chilense 1H ch S chromosome. The identity of 1H ch S as the long arm of the extra acrocentric chromosome is therefore established. H1, H. chilense accession H1; T21, T. aestivum cv. Chinese Spring; T26, T. aestivum carrying the translocation T1RS·1BL; T236, alloplasmic T26 in H1 cytoplasm; T526, restored T236 + acrocentric chromosome; Hv, H. vulgare cv. Betzes; T21A1H 1 S, T21 ditelosomic addition 1H ch S; T551, T21 substitution 1H ch (1A); T552, T21 double translocation T1H ch S·1BL dry, pale and devoid of viable pollen, but apart from that, the plants did not exhibit other developmental or Xoral abnormalities. The restored lines T526 and T528 with one and two acrocentric chromosomes, respectively, did not present any abnormality and neither shrivelling nor decrease of germination was observed in the seeds of these lines. As alloplasmic T21 in H. chilense cytoplasm, T236, T526 and T528 were 3 or 4 days later to anthesis when grown in greenhouse and growth chamber under long day conditions and this diVerence is about 6 or 7 days when grown in open Weld conditions. Alloplasmic lines also showed lower height; actually, decrease in height was directly correlated with the amount of H. chilense DNA present. Therefore, T236 presented the highest, T528 the lowest height and the T526 line being in between them. Fertility of restored line in T526 line was stable but lower than euplasmic wheat, however, no signiWcant diVerence was found between euplasmic T26 and alloplasmic T528. Cytological studies comparing alloplasmic (T236), euplasmic (T26) and restored lines (T526 and T528) at successive stages of pollen development revealed that formation of microspores followed a normal course in every line until the tetrad stage. However, soon after the microspores were released from the tetrad and before mitosis I, degeneration of pollen occurred in line T236. At this point, most pollen cells of T236 line appeared shrunken and heterogeneously stained, as happens with alloplasmic T21 in H. chilense cytoplasm (Martín et al. 2008a) . Pollen development was completely asynchronous from this stage, and it was possible to observe cells at diVerent sizes, shapes, and stages, although none of the pollen cells reached the mature tricellular pollen stage. Pollen development in the restored line T528 was completely normal, with no diVerence when compared with the euplasmic T26 wheat. However, pollen development in the restored line T526 was diVerent from both T528 and T236. Thus, some of the microspores degenerate after being released from the tetrad at diVerent development stages, while some others managed to reach the mature tricellular pollen and seed set is accomplished (Fig. 5) .
Discussion
While trying to obtain alloplasmic wheat in H. chilense cytoplasm, an extra acrocentric chromosome capable of restoring male fertility of the alloplasmic wheat was observed. The line possessing this acrocentric chromosome was named T526. The extra chromosome does not pair with any wheat chromosome at meiosis, and progeny from the T526 line which lack the acrocentric chromosome showed pollen abortion and male sterility. These facts suggest that this chromosome derived from H. chilense chromosome/s has gene/s essential for maintaining male fertility in H. chilense cytoplasm. Disomic addition of the acrocentric chromosome (named T528) was obtained and this resulted in a fully stable and fertile seed set which was not diVerent when compared with that of euplasmic T26.
In contrast to the fertility restorer gene(s) (Rf) present on chromosome 6H ch S which is ineVective in hemicygosis, the Rf gene(s) on the acrocentric chromosome restores pollen fertility with a single dose. In consequence, we believe that it oVers a real potential for the development of viable technology for hybrid wheat production. Seed set of T526 was nevertheless lower than euplasmic wheat, what can be due not only to the alloplasmic state, but also due to aneuploidy, that frequently causes a decrease in fertility rates. However, it may be possible to obtain a workable restorer line for the 'msH1' CMS system by introgressing the segment carrying the Rf gene into a group homeologous 1 wheat chromosome.
Data obtained using Xuorescent in situ hybridization (FISH) ch , restore male fertility in alloplasmic T236, which suggest that the putative fertility restorer gene (Rf) on the acrocentric chromosome must be located on the segment retained v in wheat could not be produced, because a gene present on the long arm of this barley chromosome causes extreme cytological abnormalities at meiosis, and results in the complete sterility of the plants. Because of that reason, fertile disomic 1H v and ditelosomic 1H v L addition lines are not available (Islam et al. 1981; Shepherd 1990, 2000; Taketa and Takeda 1997; Taketa et al. 2001) . A sterility gene named Shw, located in the interstitial 25% region of the 1H v L arm (Taketa et al. 2002) has been proposed. DiVerent sources of barley 1H v chromosomes have been tested causing all of them sterility when introduced to diVerent wheat backgrounds, which suggests the generality of this phenomenon in wheat-barley hybrids (Islam and Shepherd 1990; Taketa and Takeda 1997 ch L seems to be non-viable. Therefore, the pollen fertility inhibitor gene proposed in the present work, may be similar or even the same gene as the Shw gene in 1H v L. The appearance of extra chromosomes has been described in previous studies on alloplasmic crops. In some lines of common and durum wheat containing alien cytoplasms such as Aegilops, Secale, and Agropyron, speciWc chromosomes are retained in addition to a normal set of wheat chromosomes even after a large number of backcrosses with the nuclear donor (Tsunewaki 1980; Murata et al. 1992) . Furthermore, common wheats with the cytoplasm of Agropyron trichophorum need a speciWc submetacentric or telocentric chromosome to restore endosperm development and seed viability (Tsujimoto et al. 1987 ).
In conclusion, for the data obtained in the present work, we suggest that the extra acrocentric chromosome described here could be the 1H ch S·del1H ch L. We proved by FISH and molecular markers that the long arm of the acrocentric chromosome was the 1H ch S arm. However, even if we tested many molecular markers aimed at conWrming the short arm of the acrocentric chromosome (del1H ch L) as part of the 1H ch L arm, no positive results were obtained. Nevertheless, this could be due to the small size of the short arm of the acrocentric chromosome and its proximity to the centromere, since low marker density and suppressed recombination around the centromeric regions of barley chromosome 1H v has been reported previously (Künzel et al. 2000; Taketa et al. 2002) . In addition, it can not be excluded that the extra acrocentric chromosome might have been produced by a more complicated process than that proposed above, and further studies will be necessary to unravel its identity.
